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The reaction of chloromethyl methyl ether with olefins 
was investigated. Kinetics of the reaction between chloro­
methyl methyl ether and 2-methyl-l-butene in the presence of 
diethyl ether was determined. A Lewis acid, titanium tetra­
chloride, was used as a catalyst in all experiments. The 
product y-chloroethers were isolated and characterized by 
infrared spectra.
When an aliphatic ether was initially present, the 
reaction was second order overall, first order in each reactant. 
When the aliphatic ether was not initially present the apparent 
order with respect to chloromethyl methyl ether increased as the 
reaction proceeded. It is proposed that the product tf-chloro- 
ether competes with the chloromethyl methyl ether for coordin­
ation with the catalyst. The aliphatic ether added to the 
starting mixture has this same effect and reduces the apparent 
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The study of <*-haloethers dates back to 1839 > when 
Malaguti Isolated <*-chloroethyl ethyl ether from the chlor­
ination of diethyl ether(1). Since that time many people 
have studied the reactions of the <*-haloethers. Two excel­
lent review articles summarize most of the literature through 
1966(1, 2).
<x-Haloethers have steadily increased in their importance 
to the chemical industry. They are highly reactive and have 
been used as chloromethylating agents. They are used in the 
preparation of ion exchange resins(3) and to increase chain 
lengths of organic compounds. There are drawbacks to their 
use. They react vigorously with water to decompose by the 
reaction:
-1- H20 + R 1 CHC1-0-R ” ---* R* CHO + ROH + HC1
R = hydrocarbons of Cg or less,
R* = H, or hydrocarbons of or less.
There is also a health hazard, since they have been proved 




©<-Haloethers can be produced inexpensively by the 
reverse of reaction-1-. Chloromethyl methyl ether (CME) 
can be produced by the reaction:
-2- HC1(anhydrous) + CH OH + CH 0 ^ r
Excess ^
ch2ci-o-ch3 + h2o.
The organic phase is then separated from the concentrated HC1 
phase. The reaction must be cooled to decrease acetal form- 
ation(l). This method is good enough that several recent 
patents(6, 7> 8) make use of this method in the production 
of CME. Others use the same method, substituting chlorinating 
agents such as thionyl chloride(9), or chlorosulfonic acid(10). 
Other preparations include the reaction of chlorine with 
dimethyl ether(11) and the reaction of methylal with chloro­
methyl silanes(12).
Since the 1930fs the reactions of tx«haloethers with 
olefins have become the subject of considerable research(2 ,
13> 14). Addition across the double bond follows Markow- 
nikofffs rule, thus:
CH. CH
i 3 i 3
-3- CH Cl-O-CH, + R-C=CHc, -1 R-CCl-CH--CH_-0-CH,2 3 £ 2 2 3
R = H, or hydrocarbons of Cg or less.
The reaction is catalyzed by Lewis acids. Most commonly used 
were HgCl2 , ZnCl2> FeCl3> 'BiCl^ and A1C13(2). Hall, Dormish, 
and Hurley(15) report that on a small scale titanium tetra­
chloride is the best all-round catalyst, but Kelly and Hall 
(16) preferred zirconium tetrachloride.
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Importance of the af-chloroethers formed by the above 
reaction was demonstrated by Hall and co-workers(15, 16, 17, 
18) in experiments in which the Jf-chloroethers were pyrolyzed 
over solid aluminosilicate catalysts or decomposed in dipolar 
aprotic solvents to form conjugated dienes. Straus and Thiel 
(19) had proposed a similar reaction, but they suggested 
conversion to the alcohol followed by dehydration. The 
specific reaction in which Hallfs group was interested was 
the formation of isoprene(17):
CH^ CH0
1 I 3-4- CH3-CCl-CH2-CH2-0-CH3 ^  CH2=C-CH=CH2 + CH^OH +
Conjugated dienes are building blocks for many polymers 
and are used extensively in the plastic, dye and synthetic 
rubber industry. The use, especially in the synthetic rubber 
industry, is very high and is increasing steadily(17, 20, 21, 
22). Predictions are that the requirements for polyisoprene 
rubber will double each five years until industrial growth 
starts to slow near the end of this century(20, 23).
The importance of the above process for the formation of 
conjugated dienes becomes obvious. Recycling of methanol and 
hydrogen chloride from reaction -*J- back to the formation of 
CME in reaction -2- makes this process less expensive and less 
wasteful than other processes using the same raw materials.
A major consideration in determining the financial 
feasibility of a process is whether the starting materials 
must be in pure form or whether they can be used in a less
HC1.
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\expensive mixture from a refinery unit. Here is the problem 
with this process. Hall and co-workers(15) reported that in 
the presence of inert hydrocarbons, which would be present 
in feed from a refinery cracking unit, the yield was decreased 
because a by-product was formed. The by-product was suggested 
to be one of:
CH. CH. CH OCHI 3 I 3/ 2 3
CH_OCH„CH-C-CH»CH„OCH or CH--C-CH 3 2 | 2 2 3 3 | \
Cl Cl CHjOCH, .
These might arise if the unsaturated ethers:
CH CH.I 3 I 3
CH =C-CH_CH„OCH. or CHo-C=CHCH,OCH,2 2 2 3  ̂ d 3
are formed from the y-chloroether and attacked by CME.
Reactions of CME with straight chain and shorter branched 
chain unsaturated ethers have been studied(24, 25) and it 
was shown(25) that in the presence of inert solvents the rate 
of reaction increased as the dielectric constant of the solvent 
increased.
Although it is easy to understand where the by-product 
might be formed, there is more than meets the eye. Hall and 
co-workers(15) showed that the unsaturated ethers are much 
less reactive than the olefin under comparable conditions.
They proposed that ”,,, a transient reaction intermediate, 
possibly still complexed with the catalyst ..." seemed to be 
a likely source of these by-products.
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Kinetics is a useful tool in determining mechanisms of 
reactions* Frost and Pearson(26) offer the following defini­
tion of kinetics: MKinetics deals with the rate of chemical
reactions, with all factors which influence the rate of 
reaction, and with the explanation of the rate in terms of 
the reaction mechanism." Thus, to understand fully the 
kinetics and mechanism of a reaction, an exhaustive study 
must be done to determine the rate of the reaction under a 
great number of different conditions(27, 28, 29). The 
present study is a first necessary step in the elucidation 
of the kinetics and mechanism of the reaction of CME with 
olefins.
Shikhmamedbekova and co-workers studied the kinetics of 
reactions between CME and: 2-chloro-l,3-butadiene(30);
1 >3-pentadiene(31); and allylie ethers(25), which indicated 
that this kind of reaction is second order overall. Most of 
these reactions were run using diethyl ether as the solvent.
The study concerned with allylic ethers was the only exception, 
in that study the effects of four solvents on the reaction rates 
was observed. Reactants and products were followed by the use 
of a gas chromatograph* With this evidence, it was logical to 
start out by demonstrating whether the reaction of CME with 
branched olefins is also first order in each reactant.
For a second order reaction, first order in each reactant, 




A0 - B0 ln A0B = k t’
If reactants are initially in stoichiometric proportions, 
then A = B throughout the reaction and the rate is 
expressed by(32):
1 / A - 1 / A0 = k t.
This equation also holds for a reaction which is second order 
in a single component.
If initial concentrations of the compounds are greatly 
different, say a ratio of twenty to one or greater, then in 
the course of a reaction, one compound will change its 
concentration by only 5% or less. In this case the reaction 
may be considered pseudo-first order and the rate expression 
is(32, 33):
In A - In Ao = e where k f = k B0.
To prove whether a reaction is truly second order, first 
order in each of two reactants, it is necessary first to 
prove stoichiometry, then to follow the concentrations of 
reactants through the kinetic region varying the concentra­
tions of each reactant under pseudo order conditions, and/or 
under stoichiometric conditions. The portion of the reaction 
during which data is taken is preferred to be the time 






An Ainsworth Right-A-Weigh* analytical balance was used 
to weigh out standards and to weigh aliquots from the 
reactions•
Infrared Spectroscopy
Infrared spectra were recorded on a Perkin-Elmer 521 
Grating Infrared Spectrophotometer* The chemicals were all 
liquid, and analyses were made using matched sodium chloride 
fixed thickness cells of 0.022 mm pathlength, using an empty 
cell as the reference.
Gas Liquid Chromatography
Chromatographic analyses were done on an P & M model 720 
dual column Gas Liquid Chromatograph (GLC). The columns were 
0.25-in. stainless steel (12 ft.) with a packing of 15% 
silicone fluid SF-96 (Hewlett-Packard no. 8501 - 3420) on 
Chromosorb-W (Hewlett-Packard no. 8501 - 6119).
7
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Analyses were performed by injecting the sample through 
an on-column-injection-port adapter.
The instrument was equipped with a programmed column 
temperature control: this was used extensively to compensate
for the greatly differing retention times of reactants and 
products. Column temperatures during a single analysis were 
programmed to run from room temperature to 200°C in a 20 
minute period.
The recorder was equipped with a Disc Integrator (Disc 
Instruments Inc. no. 201 - 4890), which was used to determine 
peak areas for all analyses.
Burets
For titrations requiring at least 10 ml of liquid, a 
50 ml capacity buret which reads directly to 0.1 ml was used. 
For titrations requiring less than 10 ml of liquid, a 10 ml 
capacity buret which reads directly to 0.02 ml was used.
Constant Temperature Bath
A Blue M Electric Company Magni-Whirl refrigerated 
constant temperature bath was used to control the temperature 
for all reactions. This instrument has provision for simul­
taneous heating and cooling of the bath, working the two 
against one another to maintain a constant temperature from 
-5°C up to 50°C. Above 50°C the heater is worked against 
ambient temperature. The bath is equipped with a stirring
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mechanism which does not stir vigorously. This was supple­
mented with an overhead electric stirrer to ensure uniform 
temperature throughout the bath. Under these conditions the 
temperature was maintained within 0.01 degree throughout the 
bath for periods of up to a week. This was checked by the 
use of a thermometer which could be interpolated to 0.01 
degree. It was left in the bath at all times and moved 
occasionally to a neiv location in the bath.
Refrigerator
A special explosion proof refrigerator was used for the 
storage of volatile hazardous chemicals.
Reagents and Solvents
Nitrogen
High purity dry grade Nitrogen from the Linde Division 
of Union Carbide was used. This was passed through a drying 
tube, 4-in. by 1/2-in. diameter, full of calcium chloride.
Titanium Tetrachloride
Titanium tetrachloride was 99% pure grade obtained from 
Matheson Coleman and Bell. It was distilled under dry nitrogen 
and the fraction distilling at 127 - 128°C at 620 torr was used. 
The purified material was stored in a glass stoppered erlen- 
meyer flask wrapped with aluminum foil to exclude light. This 
flask was stored in a desiccator over anhydrous calcium chloride.
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Hydrocarbons
All hydrocarbons used were Phillips Petroleum pure grade. 
They were stored in their original containers in the refrig­
erator over molecular sieves(Hewlett-Packard no. 8501 - 5208).
Chloromethyl Methyl Ether
Chloromethyl methyl ether (CME) was Eastman Kodakfs 
yellow lable grade. This was distilled under dry nitrogen 
according to the method of Hall, Dormish, and Hurley(15); 5g 
of TiCl^ was added to each lOOg of CME to remove the methylal 
contaminant before distillation. The 53 - 55°C fraction (620 
torr) was stored in a glass stoppered erlenmeyer flask wrap­
ped with aluminum foil to exclude light. The flask was 
stored in a desiccator over anhydrous calcium chloride.
Water
Deionized water from the school’s deionizer was distilled 
three times, once from basic potassium permanganate to destroy 
trace organics, then with no special conditions to ensure 
removal of trace metals, and the third time under a nitrogen 
atmosphere to remove carbon dioxide. The water was stored 
in glass stoppered Pyrex gallon bottles under nitrogen.
Sodium Hydroxide
Sodium hydroxide used in titrations was analytical 
Reagent grade from Mallinckrodt. Sodium hydroxide solutions 
were made with the distilled water described above and stored
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in polyethylene bottles under a nitrogen atmosphere. They 
were standardized against potassium hydrogen phthalate 
(Matheson Colman § Bell analytical reagent grade), and also 
against samples similar to those which would be used in 
actual experiments. These methods agreed to within 0.5%. 
Concentrations used were 0.0512 N and 0.0457 N.
2-Pyrrolidone
2-Pyrrolidone was produced by K § K Laboratories, and 
used directly. This amide is a base and was used for dehydro­
chlorination procedures.
3-Chloro-3-methylbutyl Methyl Ether
3-Chloro-3-methylbutyl methyl ether (CMBME) was prepared 
by the addition of CME to isobutylene under dry nitrogen, then 
vacuum distilled. The heart cut distilled at 69 - 71°C at 70 
torr; it had a refractive index of 1.4208 at 21°C, literature 
value 1.4216 at 20°C(15). The infrared spectrum showed the 
characteristic absorptions reported(15) at 1370 and 1385cm"^ 
for the C-H symmetric deformation of the methyl groups, 1113cm  ̂
due to the asymmetric stretching of the ether, and 582cm"^due
to the chlorine atom C-Cl stretching(35, 36). This spectrum 
is illustrated in figure 1.
3“ChlorO“3-methylpentyl Methyl Ether
3-Chloro-3-niethylpentyl methyl ether (CMPME) was prepared 
by the addition of CME to 2-methyl-l-butene under an atmosphere
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of dry nitrogen, and purified by vacuum distillation. The 
heart cut distilled at 46 - 50°C at 10 torr; it had a refrac­
tive index of 1.4338 at 24°C. The infrared spectrum showed
a 3-methyl adsorption at 1380cm an ether absorption at
-1 -11110cm , and a low intensity absorption at 570cm due to
the tertiary chlorine atom(35, 36). This spectrum is illus­
trated in figure 2.
3-Chloro-3-methylhexyl Methyl Ether
3-Chloro-3-methylhexyl methyl ether (CMHME) was prepared 
by the addition of CME to 2-methyl-l-pentene under dry nitro­
gen. This product was purified by vacuum distillation at 
51 - 53°C at 5 torr. The infrared spectrum showed the absorp­
tion due to the 3-methyl group at 1378cm \  an ether absorp­
tion at 1110cm'’1, and a low intensity absorption at 570cm’1 
believed to be due to the tertiary chlorine atom(35, 36).
This spectrum is illustrated in figure 3.
Mixture of 3-Methyl-(2§3)-pentenyl Methyl Ethers
A mixture of 3-methyl-2-pentenyl and 3-methyl-3-pentenyl 
methyl ethers was prepared according to the method of Hall, 
Dormish, and Hurley(15), in which CMPME was added dropwise 
to N-methyl-2-pyrrolidone maintained at a temperature of 110 
to 165°C. Due to the availability of 2-pyrrolidone, that 
chemical was used instead of the N-methyl-2-pyrrolidone. 
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unsaturated ethers distilled at this temperature, and were 
not in contact with the solution long enough to decompose 
to the conjugated diene. The unsaturated ether was then 
redistilled at 67 - 69.5°C at 100 torr; it had a refractive 
index of 1.4184 at 25°C. Isomers were not separated. The 
infrared spectrum showed the absorption due to the 3-methyl 
group at 1380cm \  an ether absorption at 1113cm \  and a 
doublet olefin absorption at 1645 and 1658cm  ̂ caused by the 
presence of both isomers(35, 36). This spectrum is illustrated 
in figure 4.
Mixture of 3-Methyl-(2$3)-hexenyl Methyl Ethers
A mixture of 3-methyl-2-hexenyl and 3-methyl-3-hexenyl 
methyl ethers was prepared by dropwise addition of CMHME to 
2-pyrrolidone at 240°C. It was purified by vacuum distil­
lation at 31 - 34.5°C at 7 torr. The refractive index was 
1.4249 at 25°C. Isomers were not separated. The infrared 
spectrum showed the absorption due to the 3-methyl group at 
1381cm \  an ether absorption at 1113cm and a doublet 
olefin absorption at 1643 and 1665cm“  ̂ caused by the presence 
of both isomers (35, 36). This spectrum is illustrated in 
figure 5.
Diethyl Ether
Diethyl ether used was Bakerfs Analyzed anhydrous reagent 




Titrations were performed in the apparatus depicted in 
figure 6 . The apparatus was designed to exclude CO from 
the sample during titration, thus ensuring that each end 
point was as accurate as possible and that there was no end 
point fade caused by reaction of CO^ with the titrated sample. 
The apparatus is made from the top section of a large reaction 
kettle placed on a white porcelain topped Corning magnetic 
stirrer. One opening is fitted with an inlet tube attached 
to a nitrogen tank. Titration is accomplished through another 
opening and excess nitrogen escapes through the titration 
opening. All other openings were stoppered. Inside is a 
glass beaker in which the solution to be titrated was stirred 
with a teflon coated magnetic stir bar. A slow steady flow 
of nitrogen prevented contamination by CC^.
Buret
Top of reaction kettleFrom Nitrogen tank
Glass beaker
Corning magnetic stirrer
Figure 6 . Titration Apparatus.
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Reactions were run in an apparatus of the type illus­
trated in figure 7. The reaction chamber is a three neck 
round bottomed flask fitted with a rubber cap sample port, 
a coldfinger condenser, nitrogen inlet, and stirrer. To the 
top of the coldfinger condenser was attached a drying tube,
4-in. by 1/2-in. diameter, packed with anhydrous calcium 
chloride. The reaction solution was stirred by an overhead 
air driven motor driving a teflon stir blade. A water cooled 
ground glass stirrer bushing was employed. The purpose of 
the air driven motor was to avoid breaking the glass shaft 
of the stirrer. Since the air driven motor has very little 
torque, compared with a conventional electric motor, any minor 
mishap should stop the motor before breaking the glass shaft.






#  Water cooled stirring 
bushing




Figure 7. Reaction Apparatus.
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Reagents were added via a pressure equalizing dropping funnel. 
Temperature was controlled by a constant temperature bath. 
Temperature was observed by means of a 0 - 100°C thermometer 
which could be read directly in tenths of a degree, and could 
be interpolated to hundredths.
Technique
After reaction products were identified by the use of 
infrared spectra, standards were made and run on the GLC to 
find the retention time of each compound present in a reaction 
mixture. Normal heptane was chosen as an internal standard 
because its retention time did not correspond to that of any 
product or reactant. A typical chromatogram is shown in 
figure 8.
A typical reaction procedure follows: During the week
before the reaction was to be started, a calculated amount of 
the catalyst, TiCl^, was added to the CME. This measurement 
was made according to sample weight.
The evening before the reaction was to be started, the 
reaction apparatus was assembled and purged with dry nitrogen 
for at least a half hour. Two kinds of sample vials were 
weighed. Some were empty for titration samples, others con­
tained a weighed amount of heptane for GLC samples. Vials 
containing heptane were left on blocks of dry ice in an ice 
chest from the time of weighing until the time of use. This 





Figure 8. Typical chromatogram of a sample analyzed by GLC.
This was a sample taken after 30 min. of reaction 
from a run in which there was initially a twenty­
fold excess of 2-methyl-l-butene over CME.
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to cause thermal quenching of the sample at the time the 
sample was taken.
The morning before the reaction was to be started, a 
dry bag (Instruments for Research and Industry no. X-17-17) 
was purged with dry nitrogen. Inside the dry bag, the 
calculated amount of CME and any other ether used in that 
reaction were added to the pressure equalizing dropping 
funnel. An aliquot of this solution was removed and kept 
as a control. 2-Methyl-1-butene was added under a counter- 
current flow of dry nitrogen to the reaction flask. These 
last additions were measured by volume.
The pressure equalizing dropping funnel containing the 
ethers and catalyst was then set in place. A dry ice-acetone 
mixture was put in the coldfinger trap to prevent evaporation 
of the volatile olefin. The valve at the top of the cold­
finger was left open to vent through a drying tube, primarily 
as a pressure safety release in case of accident.
After the constant temperature bath had stabilized at 
the desired temperature, and the air driven stirrer was 
working properly, the reaction was started by opening the 
stopcock to the pressure equalizing dropping funnel. Thus 
the CME-catalyst solution was added to the olefin in as 
short a time span as possible. Since reactions were run at 
25°C, which was usually a few degrees above room temperature, 
there should have been a very slight decrease in temperature 
at the time of addition. The reaction is exothermic, but
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under these conditions the heat of reaction was small enough 
tb be handled by the constant temperature bath. There was 
no temperature change observed at the time of addition. The 
vigorous stirring quickly re-established thermal equilibrium.
Samples were then taken at predetermined intervals by 
inserting a pre-cooled syringe through the rubber sample port 
and extracting an aliquot of the reaction mixture. The 
sampling syringe was cleaned by drawing acetone through it, 
dried by drawing air through it, and left in a plastic bag 
on a block of dry ice between samplings. If the sample was 
to be analyzed by GLC it was quenched by injection into a 
heptane-containing sample vial which had been pre-cooled to 
-70°C. The vial was then weighed and a 4 - 5 ul aliquot was 
immediately injected into the GLC. These sample vials were 
then left on dry ice to prevent further reaction in case 
they had to be re-analyzed. The samples remained homogeneous 
at dry ice temperatures. If the sample was to be titrated 
it was injected into an empty sample vial, weighed, quenched 
with 10 ml of water and titrated immediately against a stand­
ardized sodium hydroxide solution. The water quenching depends 
on the reaction:
-8- H O + CH30CH2C1 7 - ■- HC1 + CI^OH + CI^O.
The time from sampling to quenching usually was about a 
half minute. Since the reactions were run very near to room 
temperature, quenching time was recorded rather than sampling 
time. This minimized error and made all errors nearly equal.
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The reaction was allowed to run for the time necessary 
to reach 90# completion, and In most cases one last sample 
was taken at 99# completion as an infinity reading. At the 
time of the infinity reading the control sample was analyzed 
by GLC to check for decomposition or side reactions.
GLC analyses were used to determine the CME balance, 
i.e. that the chemicals reacted according to predicted 
stoichiometry, and that for each mole of CME that disappeared 
one mole of CMPME was formed. The reaction rate was followed 
by titrations. Extensive preliminary experiments, described 
below, showed that the GLC used in these experiments is 
adequate for obtaining CME balance, but not for following 
the rate.
The GLC was calibrated by the use of solutions of the 
chemicals which would be present in the test solution. Care­
fully measured quantities of the chemicals were weighed so 
that the compositions of these solutions were accurately 
known. These solutions were then analyzed on the GLC. All 
peak areas were compared to the peak area of the internal 
standard, heptane.
The titanium tetrachloride catalyst was initially 0.0048 M 
for each run. The catalyst was mixed with the ether prior to 
each set of replicates so that each experiment in a replicate 
would start with the same catalyst concentration.
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In most experiments a sixteen to one or greater 
excess of olefin over CME was used to produce pseudo order 
conditions for the-rate of disappearance of CME.
The preliminary experiments to which repeated reference 
has been made are described here. GLC was used for all 
analyses. CME was allowed to react with 2-methyl-1-propene,
2-methyl-l-butene, and 2-methyl-l-pentene to determine which 
would be best to use. 2-Methyl-l-propene is a gas, b.p. -6.6°C 
at 1 atm., and is therefore very difficult to work with quant­
itatively at room temperature. 2-Methyl-l-pentene is a 
liquid and very easy to work with. Its product ether, CMHME, 
is so high boiling and unstable that it makes GLC an imprac­
tical tool for its analysis. 2-Methyl-l-butene is a good 
compromise, boiling at 38.6°C at 1 atm., and forming a product 
ether which is eluted from the GLC column with relative ease.
Several experiments were run using a one to one molar 
ratio of CME to 2-methyl-l-butene with no solvent. CME and 
olefin balances were obtained from these, but the volume 
could not be measured, so no concentration data were obtained. 
Since Hall and co-workers(15) had reported anomalous side 
reactions in the presence of '’inert" solvents, it was decided 
to avoid solvents until some idea of the kinetics without a 
solvent was available.
The pseudo order reaction is one in which the concentration 
of one reactant remains nearly constant during a run. This
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would be the case if one of the reactants is the solvent.
For this reason the pseudo order reaction was chosen next, 
with 2-methyl-l-butene as the solvent-reactant. This afforded 
both CME balance and concentration data.
It was suspected that the product ether was complicating 
the reaction and that the addition of an inert ether might 
simplify the apparent kinetics. Therefore an inert ether 
was added to the reaction mixture. The pseudo order reaction 
was repeated several times under these conditions. Although 
the addition of another ether made the data appear to conform 
to first order equations, scatter in the data gave specific 
rate constants which varied from run to run. One time the 
rate constant might appear to be three times what it was in 
another run. Due to these poor results the analytical 
procedure was changed to the titration technique described 
above.
Difficulties Encountered
The purpose of this section is to outline briefly some 
of the problems encountered, and the methods of solution.
In the original proposal, all rates were to be followed 
by GLC until a more suitable technique was found. To ensure 
that all components of a solution are vaporized immediatly 
upon injection, the injection port of the GLC should be 
maintained at least 50°C above the boiling point of the 
highest boiling compound in the solution(37). The detector
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should also be maintained at this temperature to avoid 
condensation of vapors in it. Since the product ether 
begins thermal decomposition below its atmospheric boiling 
temperature, this posed an immediate problem. The solution 
was to install an on-column injection port, which bypasses the 
normal injection port, and allows the solution to be injected 
directly onto the packing in the column. The on-column 
injection port is shown in figure 9.
As described in the previous section, many experiments 
were run under the same conditions. The data from these had 
scatter beyond reasonable tolerance limits. After repeated 
checks as suggested by the instrument manual it was decided 
that there were problems in electronics arid in column packing 
of the GLC.
It was decided to develop a different procedure for 
following the course of the reaction. Adequate data had




Figure 9. On-column injection port. This adapter was a 
donation from Marathon Oil Company„
Borosilicon septum
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been obtained from the GLC to demonstrate a good CME balance 
and that CME and olefin disappear at the same rate. Therefore 
it would be necessary to follow the concentration of only one 
component and thereby determine the rate.
Titration was chosen as the new technique. Since the 
CME reacts vigorously(1, 38, 39) with water to form HC1 as 
was shown in equation 1, a titration with a base (39) to 
determine HC1 concentration pinpoints the CME concentration 
at any given time. A difficulty with this technique is the 
fact that there are tertiary chlorides in the reaction mixture 
which slowly(40) react in aqueous media to form HC1. Dr. 
George Lucas suggested titrating a sample to multiple end 
points and interpolating back to the quenching time. This 
suggestion was accepted and used in all titrations. A 
correction was also made for the presence of the TiCl^ 
catalyst, which reacts vigorously with water to form MCI.
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RESULTS AND DISCUSSION
Preliminary experiments indicated that a small amount 
(about 5%) of the product y-chloroether was decomposing 
during the course of each experiment. The only literature 
reference to the 3-chloro-3-methylpentyl methyl ether(CMPME) 
or to the unsaturated ethers derived from it(l8) gave very 
sparse information. Therefore, the corresponding 3-chloro- 
3-methylbutyl methyl ether(CMBME) was made and comparative 
infrared spectra used in compound identification. CMBME 
and its derived unsaturated ethers had been characterized 
by Hall, Dormish, and Hurley(15). The corresponding 3-chloro- 
3-methylhexyl methyl ether(CMHME) and its unsaturated ether 
were also prepared so that characteristics of the family of 
compounds could be compared. Figures 1, 2, and 3 show the 
infrared spectra of CMBME, CMPME, and CMHME respectively, 
and figures  ̂ and 5 show the infrared spectra of the corres­
ponding unsaturated ethers.
Compound retention times on the GLC are shown in table I. 
The presence of the components may be explained by a series of
30
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Table I. Retention times of compounds on the gas chromato­
graph, and column conditions. The instrument used 
was the F & M model 720 gas liquid chromatograph. 




Chloromethyl methyl ether 2.9
Methylal (contaminant in CME) 3.5
Bis(chloromethyl)ether (contaminant in CME) 3.8
2-Chloro-2-methylbutane 4.6
Heptane 5.2
3-Methyl-(2&3)-pentenyl methyl ethers 9.6
3-Chloro-3-methylpentyl methyl ether 10.8
Column Conditions
Carrier gas Helium
Carrier gas flow rate 100 cc/min
Initial column temperature 25°C
Programmed temperature initial setting* 36°C
Programmed temperature rise 2°/min
After injection the thermostat was set up to 36°C from 
25°C. This was found to be preferable to using a higher 
rate on the programmed temperature rise.
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Reactions shown below. In reaction -6-, the y-chloroether
is formed. About 5% of the y-chloroether spontaneously
dehydrohalogenates according to reaction -7-. The HC1 in
solution then attacks the starting olefin by reaction - 8-.
CH0 CH0| 3 ,
-6- CH-OCH Cl + CH =C-CH CH ---- ► CHo0CH?CHP-CCl-CH~CHo3 2  2 2 3  3  ̂ 2 2 3
CH- 
1 J
CH0 HC1 + CHo0CHoCH=C-CHoCH*| 3 J f  3 2 2 3
-7- CH OCH CH -CC1-CH CHq CH03 2 2 2 3 5^ , 3
^ H C l  + CH OCH CH0-C=CHCH~3 2 2 3
CH0 CH0I 3 , 3
-8- HC1 + CH2=C-CH2CH3 CH3-CC1-CH2CH3
Preliminary experiments showed a change in apparent 
reaction order with respect to CME as the reaction proceeded, 
and it appeared that the product was inhibiting the reaction. 
This hypothesis, that the product inhibited the reaction, was 
tested by adding the product to the starting mixture at the 
same concentration as the CME. With this change the data 
showed that the reaction was first order, thus demonstrating 
some validity to the hypothesis. The CME balance remained 
very acceptable, accounting for 95' - 99$ of the starting CME.
After the procedure was changed to include analyses by 
titration these experiments were repeated. Runs 1 and 2, 
without any other ether added, showed a decrease in first
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order rate constant as the experiment proceeded, A computer 
program was used to fit the data to several standard kinetic 
equations, A flow chart for the program is shown in Appendix 
II, The program cycles through fractional orders from 0.25th 
order to third order. The data did not conform satisfactorily 
to any of the equations tried. Figure 10 shows a plot of run 1.
Runs 3> 4, and 5, which were similar to runs 1 and 2 except 
that they all contained the product ether added to the original 
CME-catalyst solution prior to the run, conformed well to the 
first order rate equation. Figure 11 shows a plot of run 4.
In the next set, 6 - 8, diethyl ether was substituted for the 
product ether. Under these conditions similar results were 
obtained as with the runs containing CMPME. Figure 12 shows 
a plot of run 6 . From then on, diethyl ether was used in all 
experiments.
The results in table II show that if an aliphatic ether 
is initially present in the reaction mixture, the reaction 
rate constants are reasonably constant throughout the course 
of a run. The rates were determined by fitting the data 
using a least squares method, and error reported at the 95# 
significance level(4l, 42). Since most experiments were run 
under pseudo-first order conditions, the equation used was 
the pseudo-first order equation. Data from the one to one 
run were fit to a second order equation. All data points 
were included and fits were made through 90% of each reaction.
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Although the kinetics are more complicated in the absence 
of an aliphatic ether, in the presence of such an ether the 
reaction conforms well to known rate equations. The rate 
constant for the one to one run was determined by a fit of 
the data to the equation(32):
1 / CME - 1 / CMEc = k t.
All other reactions were performed under pseudo-first order 
conditions, and the equation used was(32, 33):
In CME - In CME0 = - k't
in which k* = [olefin] k. That the reaction is first order 
with respect to each reactant is demonstrated by the constancy 
of the specific rate constant as shown in table II. Since 
the specific rate constant is found by dividing the observed 
rate constant by the olefin concentration, a different 
constant would have been found for runs 6 — 14 than for runs 
15 - 23 if the order with respect to olefin were not one.
A demonstration that the reaction is first order with 
respect to olefin occurs in the one to one run. The rate 
equation for an nth order reaction is(29, 32):
- dA / dt = k Aa Bb where a + b = n.
The pseudo order reaction had shown that the reaction is 
first order with respect to CME. The equation which was used 
for the one to one run, as described above-, is for a reaction 
which is second order in only one reactant. Therefore the
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equation fit for this reaction not only assumes that CME0 = 
olefinc , but also that a = b = 1. If there had been a 
discrepancy here, a very low correlation between the data 
and the equation would have existed. The correlation of 
•9996 is a good indication that the reaction is first order 
with respect to olefin.
A further demonstration was made by recomputing the 
specific rate constants for all pseudo order reactions 
according to the equation(32):
1 olefin CME0
olefin0 - CME0 ln CME olefinc = t •
This equation describes a second order reaction which is 
first order with respect to each reactant. In all cases this 
check produced the same numbers for the rate constant and 
correlation as were obtained by the previous calculations.
If the reaction had not had this order the rate constant 
would not have been the same as before and the correlation 
would have been poor. This equation is no more sensitive 
than the ones used above, but it also proves that the reaction 
occurs stoichiometrically throughout, otherwise a poor correl­
ation would have existed between the equation and data.
Since the specific rate constant, k, remained nearly 
the same under the combinations of concentrations studied, 
the order of the reaction must be second order overall, first 
order with respect to each reactant0 If any other kinetics 
held, the k would have varied under the conditions chosen.
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The school's PDP 10 computer was used for all computations. 
Plow charts for the programs designed to process the data are 
shown in Appendix II. Several sets of calculations were done 
on a Hewlett Packard 9100B calculator in order to double check 
the computer programs.
Computer printouts of the data and fits to equations are 
shown in Appendix I. For convenience the computer program 
was written so that printouts show dates of runs rather than 
run numbers. Table III in Appendix I shows the conversion 
from run numbers and conditions to the appropriate date and 
page in the appendix.
Shikhamedbekova and co-workers(25> 30, 31) reported no 
difficulty in kinetics work with similar compounds. They 
studied the reaction of CME with allylie ethers and esters(25), 
1»3-pentadiene(30), and 2-chloro-l,3-butadiene(31)• All of 
these studies were made in a solution containing diethyl ether 
except the allylie ethers study, which had varying solvents 
including: benzene, chloroform, diethyl ether, tetrahydrofuran, 
and nitromethane. Each of their experiments started with a 
one to one ratio of concentrations of CME to olefin. Concen­
trations were followed by GLC and one was verified by argen- 
tometric titration(31). In all cases the reaction kinetics 
were described by a second order equation. In the case of 
1>3-pentadiene, Shikhamedbekova(30) found that after the
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reaction had gone to 30% completion the kinetics were compli­
cated by formation of "condensation products". A correlation 
was reported between solvent polarity and reaction rates for 
allylic ethers and esters(25)*
It is necessary at this point to digress into the subject 
of Lewis acids and bases. This is to demonstrate that it is 
realistic to discuss a competition between ethers for catalyst 
coordination sites. The descriptions of acids and bases used 
below are adopted from R. G. Pearson’s theories of hard and 
soft Lewis acids(43). According to this theory a hard base 
is one which is highly electronegative, demonstrates low 
polarizability, and is hard to oxidize. Hard acids bond 
preferentially to hard bases while soft acids bond preferen­
tially to soft bases.
Several references(43-46) were found in which it is 
stated that alkyl ethers and monochloroethers are hard Lewis 
bases and tend to form strong bonds with a hard Lewis acid 
such as titanium tetrachloride. McCusker and Scholastica- 
Kennard(44), and Fratiello and Schuster(45) also report that 
alkyl ethers through di-n-butyl have the same solvation effect 
on Lewis acids. Thus, it seems reasonable to assume that any 
ether present in solution will compete with CME for catalyst 
coordination. The two electron withdrawing groups on the 
same carbon of a CME molecule will act to reduce the basicity
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of CME as compared with other ethers. So In a competition 
between CME and an ether which does not have a halogen atom 
in the o< position, equilibrium will slighly favor the later 
ether. If the only other ether present is the product, the 
reaction rate constant will change due to the increase of 
product ether as the reaction proceeds. The fact that the 
rate constant does not change within a given run when another 
ether is present in a 0.5 M concentration, indicates a level­
ling of this effect.
The importance of this solvation effect is seen in the 
following discussion of the steps in the reaction of this 
study. First consider the path taken when the only ether 
present is CME, i.e. no product or other ether is present.
For most of the following discussion only one of the coordin­
ation sites will be of interest. For this reason only one 
coordinated ether will be shown, and the other will be denoted 
as a solvating molecule, S^. The first step is the coordin­
ation of CME with TiCl^:
The next step is the formation of a tight ion pair, as shown 
on the next page.
ch3o-ch2
CH«-C1
9- 2 CH30CH2C1 + TiCl|j ^




©CH~0-CHo CHo0-CHo3 i 2 3 t 2
Cl
Cl : ^C1 Cl : Cl
-10- > T 1 ~ . * > T 1
ci s v ci ci ; ^ci
S1 S1
Sirice the solvent is mainly hydrocarbon there is very little 
tendency for this ion pair to separate. This complex is now 
ready for direct reaction with the olefin in solution:
CH-O-CH ®  CH, CH,
■ ©  1 . 1CI-' + H0C=C-CH0CH, '■« “ CH,OCH,CH,-C-CH,CH,Cl I /Cl  ̂ * 5 3 * * ft) * 3
-11- > T i  Cl®
Cl : ''Cl Cl : /Cl
S1 > T3,Cl ; N:i
S1
In the majority of reactions a chlorine bonds to the tertiary 
carbon and the newly formed molecule coordinates with the TiCl^:
CH
iCH3OCH2CH2-C-CH2CH3 





I 3 I 3CH, CH CH,-C-CH,CH, CH,CH,-C-CH,CH,OCH,^Oq I 3 2 | 2 2 3
Cl : X C1 Cl Cl
^>Ti or Cl : X C1
ci ! ^ci 'yn
S, Cl : N n1 S.
It is possible that the ion pair rearranges slightly 
so that the oxygen is coordinated with TiCljj in place of a 
chloride:
In which case the chlorine normally still bonds to the tertiary 
carbon as in -12- above. In this step there is another possible 
reaction which seems to occur only to a small extent, as evi­
denced by the observed presence of unsaturated ethers accounting 
for about 5% of reacted CME:
CH3OCH2CH2-g-CH2CH3 
-13- Cl© CH0 CH0CH -JjL-CH CH < 3^  2 2 ©  2 3
Cl"': ^Cl
Cl i ^ C 1 
S1 >
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The desirable next step is for the product ether to separate 
from the TiCl^ which would then be solvated by another CME:
f 3  fH3
CH, .CH,CH,-C-CH,CH, CH,OCH CH -C-CH.CH,
-15- ^ 0  2 2 2 3  *• 3 2 2 | 2 3
Cl -Cl "* Cl
Cl • ^Cl +
S1 solvated TiCl^
In hydrocarbon solvents the equilibrium probably favors the 
left side of this reaction and the product ether remains 
coordinated with the catalyst where it possibly can undergo 
further reaction to produce the previously mentioned by­
product. The most likely time for the formation of the by­
product would be an alteration of reaction -1*1- in which 
is in the ion-pair configuration:
Cl® CH,
CH, .CH, • 5 
-l6- *
Cl S ^C1
° ^ H 2-£-CH„CH. —  HC1
Cl i Cl
Cl ©  CH2̂ )OCH3
CH, CH
I 3 I 3
CH .CH CH -C-CHCH, or CH, £!H,CH-C-CH,CH,
^ 0  2 2 | \ 3 2 \ fil 2 3
Cl \ ^C1 Cl CH,-0CH, Cl : ^C1 CH,
> <  2 3 > t £  I 2
Cl ^C1 Cl ^ C 1  OCH
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The reason for the curve in the plot of data from runs 
1 and 2 in which CME was the only ether initially present is 
now apparent. The product ether ties up an increasing number 
of catalyst coordination sites, thus slowing the reaction as 
the reaction proceeds.
If an aliphatic ether is present there is competition 
for catalyst coordination sites from the start of the reaction 
with very little change as the reaction proceeds. Reaction 




-17- 2 ROR' + TiCl. -> * ^.Ti
4 Cl : ''Cl
R H ’ ,
r = ch3, c2h5, c3h?, r* = ch3, c2h5 , c3h?,
causing the presence of three species in solution:
TiCljj * 2CME, TiCl^ • CME,RORf , TiCl^ • 2R0R* .
The equilibrium position in reaction -10- would be shifted 
slightly by the polarity of the solvent and the nature of 
the species solvating the other end of the catalyst. This 
effect would be small in comparison to the competitive 
reaction mentioned above. The more polar solvents would 
allow the ion-pair to separate and not to remain in the 
tight configuration shown in reaction -10-. The by-product
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formation is also reduced by the presence of the aliphatic 
ether because product ether and TiCl^ are both solvated and 
the equilibrium in reaction -15- is shifted to the right.
A levelling of the effect which is caused by the product 
ether, is indicated by stabilization of the rate constant when 
another ether is present in a 0.5 M concentration. In the 
pseudo-first order runs the CME concentration is a hundred 
times as great as the catalyst. When another ether is present 
in this concentration, the effect is a rate constant that does 
not vary as the reaction proceeds. An interesting follow-up 
study would be to determine the minimum concentration of inert 
ether necessary to cause this levelling effect.
Summary
Time lost to the previously mentioned difficulties 
encountered during the course of this study, and the lack 
of a convenient analytical method for the olefin shortened 
this study. However, an important first step was made toward 
the final elucidation of the kinetics of the reaction between 
CME and olefins.
In the absence of an aliphatic ether, the reaction 
kinetics are not described by a simple mathematical expression * 
because of competition for coordination with the catalyst 
between CME and the product ether during the course of the 
reaction. When an aliphatic ether is added to the reaction
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solution there is competition between the CME and the aliphatic 
ether for coordination with the catalyst. This competition 
slows the rate of formation of the intermediate species, thus 
making that the rate determining step. In the presence of an 
aliphatic ether the reaction proceeds by second order kinetics, 
first order with respect to each reactant.
Since ethers coordinate with the catalyst, it can be 
seen why the by-product mentioned by Hall and co-workers(15) 
might be produced. This by-product was thought to be one 
molecule of olefin combined with two molecules of CME as was 
shown in equation -16-. It might also explain the anomalous 
solvent effect which they reported, in which an inert aliphatic 
non-polar solvent caused the formation of the by-product. In 
the presence of an inert aliphatic non-polar solvent any 
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Conversion from run numbers to dates as 
computer printouts in Appendix I.
Initial Concentrations Date
(' rooles / liter ) ™
Olefin CME Ether
7.65 0.48 0.00 Dec. 15
7.65 0.48 0.00 Dec. 20
7.65 0.48 0.48 CMPME Nov. 13
7.65 0.48 0.48 CMPME Nov. 16
7.65 0.48 0.48 CMPME Nov. 21
7.65 0.48 0.48 Diethyl Nov. 25
7.65 0.48 0.48 Diethyl Nov. 28
7.65 0.48 0.48 Diethyl Nov. 30
7.65 0.30 0.48 Diethyl Jan. 20
7.65 0.30 0.48 Diethyl Jan. 22
7.65 0.30 0.48 Diethyl Jan. 24
7.65 0.20 0.48 Diethyl Jan. 26
7.65 0.20 0.48 Diethyl Jan. 28
7.65 0.20 0.48 Diethyl Jan. 30
3.00 0.188 6.08 Diethyl Feb. 2
3.00 0.188 6.08 Diethyl Feb. 4
3.00 0.188 6.08 Diethyl Feb. 6
3.00 0.118 6.08 Diethyl Feb. 9
3.00 0.118 6.08 Diethyl Feb. 12
3.00 0.118 6.08 Diethyl Feb. 14
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Table III. Conversion from run numbers to dates as shown on 
computer printouts in Appendix I. (continued)
Reaction Initial Concentrations Date Page
Number ( moles / liter )
Olefin CME Ether
21 3.00 0.078 6.08 Diethyl Feb. 16 72
22 3.00 0.078 6.08 Diethyl Feb. 18 73
23 3.00 0.078 6.08 Diethyl Feb. 20 74
24 1.00 1.00 7.69 Diethyl Feb. 24 75
25 1.00 1.00 7.69 Diethyl Feb. 28 76
26 1.00 1.00 7,69 Diethyl Mar. 4 77
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THE DA*1 F-: FOR THIS RIJN WAS DEC, i 5
'  I HE CHE
158 . 4 3 , 4 6 4
618 , 3 0 , 4 3 4
1831 , 2 0 . 3 8 3
1848 . 0 0 . 3 5 5
2431 , 2 0 . 3 1 4
3- '5 ‘ . 0 0 . 8 9 9
36 4 8 .0 £3.261
7 ? 7 :i .0 0*3,94
11376 . 0 0 ,162
14 484 ,0 8 . 1 3 2
18324 ,0 0 . 1 1 1
219 v •'* , 0 8 . 0 8 7
8 526 6 , H 0 , 0 8 2
HQ 878 ,0 0 , 8 7 0
32988 , 0 0 .C67
'6084 , 0 0 . 8 5 1
• 40CC .0 0 , 8 0 8
FIT r-TR FIRST 90% OF REACTION
the e q u a t i o n  f i t  has the f o r m ?
IN ( CHE ) ~ LN ( C M F - I N I T I a L  ) -  KT ,
L CHE-INITIAL ) = " 0 . 9 0 1 9 7 4  .11 03 85
K = 0 , 0 0 0 0 7 8  «V"  , 00 00 13
A T  " HE 95% CONFIDENCE LEVEL,
THE I N I T I A L  CONCENTRATION FROM THIS F I T IS 0 , 4 0 5 8  , 
THE CONCENTRATION AT 1 9 0 0 0 . 0  SECONDS IS 0 , 0 9 1 6  ,
i - l  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h i s  f i t  i s  - 0.9743 . 
t e :  t he  c o r r e s p o n d i n g  p l o t ,
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THE IJ/JE FOR THIS RUN K'a S DEC, 20
tI;'!e cnF
1 7 8 8 0 , 4  76
637 C 0 , 4 4 4
124 2 ■ 7, 0 . 1 9 0
1 8 jij i;’- 0 0 ,354
2 4 5 4 0 0 . 3 1 9
302 ^ i/i 0 , 2 9 5
366:.- 0 0 . 2 6 4
7 6 9 2 >‘/\ 0 . 1 8 7
■084 5 ‘A 0 .152
14 568 'A 0 .138
8 4 51 0 0 . 1 0 3
'1918 
-528 i
0 0 . 1 0 3
0 . 2 7 8
29322 0 , 0 7 1
3 24 7 2 0 , 0 5 0




0 , 0 5 3
0 , 0 3 8
r - T  F SR FIRST 90% OF REACTION 
T ■ I EQUATION FIT HAS THE FORM:
IN ( CME ) = UN ( CM£1. — I N I T I A L  ) -  KT ,
U- ( o n e - I n i t i a l  ) = - 0 , 8 9 5 7 1 6  * / -  ,114648
K - 0 * 0 0 0 0 8 0 * / * ,000014
A H E  95% CONFIDENCE LEVEL.
T-E initial concentration from this fit is 0,4083 . 
1 ME CONCENTRATION at 19000 f 0 SECONDS lS 0,0885 ,
t;!e correlation coefficient for this rit i s  - 0 . 973s ,
- e ;.: the c o r r e s p o n d i n g  p l o t ,
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T H E  D A T E  F O R  T H J S  R U N  W A S  N O V ,  13

















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM)
UN ( CHE ) = UN ( CHE"INITIAL ) - KT ,
IN ( C M E - I N I TU U  ) s "0,730997 */» ,050044 
K ■ 0,000143 */" .000006
AT THE 95% CONFIDENCE UEVEU,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,4814 
The CONCENTRATION AT 19000,0 SECONDS IS 0,0316
T H E  C O R R E L A T I O N  C O E F F  j C J IE M T F O R  T H 1 S F 1 T jS " 0 . 9 9 8 7
S E E  T h e  c o r r e s p o n d i n g  p l o t ,
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T H E  D A T E  F O R  T H I S  R U M  H A S  N O V ,  16


















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM j
LN { CME 1 = UN ( CME-INITIAL ) - KT ,
U  ( CME- I N I T I A L  > = -0,762939 */- ,026175 
K = 0,000134 */« .000003
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,4663 . 
THE CONCENTRATION A.T 19000,0 SECONDS IS 0,0363 ,
THE CORRELATION COEFFICIENT f o r THIS FIT IS -0,9995 , 
SEE THE CORRESPONDING PLOT,
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FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM;
LN ( CME > = LN ( CHE«INITIAL > « KT
IN ( CHE-INITIAL ) n -0,777595 */- ,046860 
K - 0,003130 */- ,000006
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 19000,0 SECONDS IS
T H E  C O R R E L A T I O N  C O E F F I C I E N T  F O R  T H j S F j T  IS
























FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM|
EN ( CME ) * LN ( CME-1NITI At ) - KT ,
LN ( CME-INITIAL ) a -0,742000 #/- ,322403
K = 0,000132 + /» ,000003
AT THE 95% CONFIDENCE LEVEL.
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 19003,0 SECONDS IS
0,4762
1,0387
the correlation coefficient for this fit is -0,9996
S E E  T H E  C O R R E S P O N D I N G  P L O T .
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FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM j
LN ( CME ) » UN ( CME> INITIAL > - KT ■
LN ( CME»INITIAL ) » -0,738067 */- ,022250 
< s 0,000137 */« .000003
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,4780 . 
THE CONCENTRATION AT 19000,0 SECONDS IS 0,0356 ,
THE CORRELATION COEFFICIENT FOR THIS FIT IS "0,9996 ,
s e e  t h e c o r r e s p o n d i n g  p l o t ,
T 1555 59



















rIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORMi
LN ( CHE > s UN ( CME-lNITlAL- ) - KT ,
UN ( CME-INITIAU ) s ' 0 i721299 */- ,064935 
K s 0,000141 */- ,000008
AT THE 95% CONFIDENCE LEVEL,
the initial concentration from this fit is 0,4861 ,
THE CONCENTRATION at 19000,0 SECONDS is 0,0334 ,
The correlation coefficient for this fjt js -0,9972 ,
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 60
t h e  d a t e  eor t h i s  run w a s  jam, 20


















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM-
IN ( CHE ) = UN ( CME-INITIAI ) - KT ,
UN < CHE-INITIAL ) * -1,153882 */- .223953 
< s 0,000166 */» ,000027
AT THE 95% CONFIDENCE LEVEL.
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,3154 , 
THE CONCENTRATION AT 19000,0 SECONDS IS 0,0134 ,
THE CORRELATION COEFFICIENT FOR THIS FIT IS -0.9767 ,
s e e  t h e c o r r e s p o n d i n g  p l o t ,
T 1555 61
















32442 ■ 0 -0,004
36354,0 0,021
84000,0 -0,034
FJT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORHi
IN ( CHE ) s EM ( CME-INITIAL
IN ( CME-INIt IAU ) s -1.229525 */»
K = 0,000144 */-
AT THE 95% CONFIDENCE LEVEL.
THE INITIAL CONCENTRATION FROM THIS FIT IS 






The correlation coefficient for this fit is -0,9989 , 
SEE THE CORRESPONDING plot,
T 1555 62



















F|T FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORMi
IN ( CHE ) = IN ( CME-INITIAL ) - KT ,
UN ( CHE-INIrlAU ) » ”1 1170783 +/» .174463 
K = ' 0,000159 */- ,000021
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,3101 , 
THE CONCENTRATION AT 19300,0 SECONDS IS 0,0151 ,
THE CORRELATION COEFFICIENT FOR THIS FIT IS *0,9846 ,
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 63
t h e  d a t e  f ° R  t h i s  r u n  w a s  j a n ,  26
t in t . CHE
156,0 0 , 1 8 4
6 4 2 . 0 0 , 1 6 1
1260,0 0 , 1 6 4
1 8 5 4 . 0 0 , 1 5 1
2 4 0 6 , 0 0 , 1 3 0
3 0 48 , 0 0 , 1 2 7
3 6 48 , 0 0 , 1 0 1
7272,0 0 , 0 6 4
1 0 92 0 , 0 0 , 0 3 3
1 4 9 46 , 0 0 , 0 2 4
1 8 37 8 . 0 *  0 , 0 01
2 1 9 4 2 , 0 0 . 0 0 5
2 5 5 7 8 , 0 »0,011
29316,0 * 0 , 0 0 7
3 2 7 7 2 , 0 * 0 , 0 0 8
36162,0 * 0 . 0 1 0
8 4 0 0 0 , 0 »0,007
FIT FOR FIRST 9C% OF REACTION 
THE EQUATION FIT HAS THE FQRMs
IN ( CHE ) = UN < CHE^INITIAL ) » KT ,
IN ( CME-INITIAL ) = "1.684343 * / ”  .088294 
K = 0.000144 */- ,000013
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,1856 . 
THE CONCENTRATION AT 16000,0 SECONDS IS 0.0184 .
The correlation coefficient for this fit is *0.9930 .
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 64
T H E  D A T E  F O R  T H I S  R U N  W A S  J a N, 2 8


















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORMi
LN ( CME ) = LN < CME-INITIAL ) * KT ,
IN ( CME-INITIAL ) » -1.665094 * / -  .081854 
K = 0,.000155 */- ,000012
AT THE 95% CONFIDENCE LEVEL.
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,1892 , 
THE CONCENTRATION AT 16000,0 SECONDS IS 0,0158 .
THE CORRELATION COEFFICIENT FOR THIS FIT Is -0,9948 ,
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555



















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORHs
LN ( CME ) = LN ( CME- INITIAL ) - KT
LN ( CHE-INITIAL ) * -1.671871 */» ,065037 
K s 0,000146 */" ,000010
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 16000,0 SECONDS IS
0,1879
0,0182
the correlation coefficient for this rit is -0,9962 
SEE THE CORRESPONDING plot,
T 1555 66
the date for this rusj was Feb. 02 


















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM!
UN ( CME > * LN < CME™INITIAL ) - KT ,
LN ( CME-INITIAL ) * *1.699927 V *  ,038776 
K * 0,000052 */- ,300302
AT THE 95% CONFIDENCE LEVEL.
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45903,0 SECONDS IS f
T H E  C O R R E L A T I O N  C O E F F I C I E N T  F O R  T H I S  F I T  IS -i





the fOR t^js run was fe^, 4̂
TIME CME
1 3 4 , 4 0 186
1206,0 0 172
2 4 5 4 , 0 0 166
3 6 3 0 , 0 0 149
7 7 5 2 , 0 0 127
1 0 6 4 8 , 0 0 103
1 4 4 9 0 , 0 0 086
1 3 3 84 , 0 0 087
2 1 7 0 2 , 0 0 059
25494 ,0 0 046
2 9 3 2 8 , 0 0 033
3 2 4 7 8 , 0 0 034
3 6 4 8 0 , 0 0 031
39804 ,0 0 024
43494 ,0 0 016
46944 ,0 0 014
9 0 0 0 0 , 0 0, 002
FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM|
IN ( CME ) = UN ( CME-INITIAL ) m KT
LN ( CME * IMITI AU ) * "1,686627 */» ,064377 
K = 0,020053 +/- ,000003
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45000,0 SECONDS JS
Th E CORRELATION COEFFICIENT FOR Th IS F[T iS 
SEE THE CORRESPONDING PLOT,
0 , 1 3 5 1  . 
0 , 0 1 6 3  ,
" 0 , 9 9 6 4  ,
T  1 5 5 5 68



















FIT FOR FIRST 90% OF REACTIOM 
THE EQUATION FIT HAS THE FORM i
UN ( CHE ) s UN ( CME-INITIAL ) . KT ,
IN ( CKE"INITIAL ) ? "1,704382 */- ,394556
K s 0,000052 A/" ,000004
AT THE 95% CONFIDENCE LEVEL.
the initial concentration from this fit is 0,1819 , 
THE CONCENTRATION AT 45002,0 SECONDS IS 0,0177 ,
THE CORRELATION COEFFICIENT FOR THIS.FIT IS "0.9919 .
SEE t h e c o r r e s p o n d i n g  p l o t ,
T 1555 69
t h e  d a t e  f ° R  t h i s  r u n  h a s  f e B, 0 9


















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORMi
LN ( CHE ) = UN C CME«1NITIAL ) - KT
IN ( CHE-INlTlAU ) * "2,196383 ♦/" ,090769 
< s 0.000051 */- ,000004
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL, CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45003,0 SECONDS IS




S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 70



















F i t  for first 90% o r  r e a c t i o n  
t h e  e q u a t i o n  fit has t h e  form 1
LN ( CME ) = LN ( CME-INITIAL ) - KT ,
IN ( CME-INITIAL ) * "2,116707 */- ,125483 
K = 0,000056 ♦/» ,000085
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,1284 , 
THE CONCENTRATION AT 45000,0 SECONDS is 0,0395 ,
T H E  C O R R E L A T I O N  C O E F F I C I E N T  F O R  T H I S  F 1T jS - 0 , 9 8 7 9  ,
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555



















f i t  f o r FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM)
LN < CME > = LN ( CHE*INITIAL ) i KT ,
LN ( CHE"INITIAL ) * * 2 •135956 */« ,120310 
K = 0.000055 */- ,000005
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45000,0 SECONDS IS
0,1131
0,0103
The correlation coefficient for this fit is <,0,9862 
SEE THE CORRESPONDING plot,
T  1 5 5 5 7 2



















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM!
LN ( CME ) = LN ( CHE-J N I T U L  ) - KT ,
LN ( CHE-INITIAL ) 8 -2,577814 */« .130327 
K = 0,000052 • + /- ,000005
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 0,0759 . 
THE CONCENTRATION AT 45000,0 SECONDS IS 0,0073 ,
t m E c o r r e l a t i o n  c o e f f i c i e n t  f o p  Th i s .f i t  js -0,9847 .
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 73



















FIT f o r  FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM|
IN ( CME ) * UN ( CME-INITIAL ) ~ KT ,
LN ( CHE-INITIAL ) B -2,535690 */» ,173645 
K = 0,000057 +/» .000007
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45000,0 SECONDS IS
0,0792 , 
.0062 ,
T-h E CORRELATION COEFFICIENT FOR Th IS.F jT IS -0,9773 ,
S E E  T H E  C O R R E S P O N D I N G  P L O T .
T 1555 V i



















FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM|
LN ( CME ) = IN ( CME-INITIAL ) - KT ,
LN ( CME»INITIAL > * *2.622197 */" .179326 
K = 0,000049 ♦/« ,000007
AT THE 95% CONFIDENCE LEVEL,
THE INITIAL CONCENTRATION FROM THIS FIT IS 
THE CONCENTRATION AT 45000,0 SECONDS IS
0.0726 , 
0,0079 .
T H E  C O R R E L A T I O N  C O E F F I C I E N T  F O R  T H I S  F I T  IS * 0 , 9 6 8 5  ,
S E E  T H E  C O R R E S P O N D I N G  P L O T ,
T 1555 75
THE. DATE FOR THIS HyN WAS FEB. 24
TIME CME
44 1 . 6 • 1 . 0 0 6
3 6 6 0 . 0 0 , 9 4 8
10992.0 0 .850
2 1 3 3 6 , 0 3 , 7 4 1
3 2 5 5 6 , 0 0 , 6 4 9
43344 , 0 0 , 5 6 3
6629 8 . 0 0 .435
9 7 4 7 6 , 0 0 , 3 7 7
1 0 7 92 6 . 0 0 , 3 4 9
1 1 8 8 4 8 , 0 0 , 3 3 1
1 2 9 7 8 6 . 0 0 . 307
1 7 2 9 2 0 , 0 •0,257
1 83 7 2 0 , 0 0 . 2 4 1
1 9 4 22 0 , 0 0 . 2 2 6
2 7 50 2 0 . 0 0 , 2 2 2
2 ' .6120,0 0 , 2 1 3
25920H,0 0 , 1 8 2
3 4 5 6 0 0 , 0 0 . 1 4 1
4320H0.0 0 , 1 1 9
5 1 8 4 0 0 , 0 0 , 1 0 1
FIT FOR FIRST 90% OF REACTION 
THE EQUATION FIT HAS THE FORM J
1.0 / CHE - 1*0 / CMEINITIAL = KT,
THE Y INTERCEPT IS - , 0 2 3 7 7 6 1  ♦ / -  . 035 100 2  
K = , 00 00 17 4  + / -  , 000 000 2
AT ■ HE 95% c o n f i d e n c e : LEVEL.
THE CORRELATION COEFFICIENT FOR THIS F I T IS 0 . 9 9 9 8  .
SEE THE C O R R E S P O N D I N G  PLOT.
T 1555 76
VIE DATE FOR THIS RUN, wAS FEB , 28
t i m e CNF
3 2 7 , 6 ‘1 . 0 1 2
3 7 6 7 , 0 0 , 9 5 5
X0 7 1 6 . 0 0 , 8 5 5
2 1 3 2 * .  0 0 , 7 3 8
3 2 2 6 2 , 0 0 . 6 4 7
43404 ,0 0 , 5 7 2
66 4 5 4 .7 0 . 4 0 7
9 7 3 2 0 , 0 0 , 3 7 2
14 8114 ,2 0 . 3 4 7
1 1 9 2 2 6 , 0 0 , 3 2 5
119694 ,g 0 , 3 1 5
1 7 2 9 2 0 . 0 0 . 2 4 9
1 6 3 4 2 0 , 0 0 . 2 4 2
1 7 4 1 6 0 , 0 0 , 2 3 2
2 -5320,0 0 . 2 1 8
21 6 H' -D 0 0,208
2592:- •/ ,0 0 . 1 6 4
3 4 5 6 2 0 , D 0 , 1 4 0
4 3 2 0 0 0 . 0 0 . 1 2 1
518 4 0 0 ,0 0 . 1 0 6
F ; i FOR FIRST 90% OF REACTION 
THE EQUATION F I T HAS THE FORM*
1 , 0  /  ChE -  1.55 /  CMC I N I T I A L  = KT,
THE V INTERCEPT IS ,0 01 5 75 3  V -  , 0586354  
K = ,000 017 2  + / -  . 0000003
AT - he 95% CONFIDENCE LEVEL,,
The CORRELATION c o e f f i c i e n t  for t h i s  f i t  i s 0.9993 .
SEE THE C O R R E S P O N D I N G  PLOT,
T 1555 77
IMF OATE FOR THIS run was MAR.04 
TIME CHE
a a 3 6 . 1.  F C' 7
3796 0 U ,546
1.1004 0 U ,846
21696 0 0 , 7 3 2
32274 3 0 . 6 4 6
43126 3 0 . 6 6 0
&6166 3 0 , 4  0 5
9 7 4 8 8 3 & , 360
12 82 7 0 0 0 . 3 5 8
1 j 8824 0 0 .332
129588 0 0 ,338
172981 3 0 , 2 5 6
1635V, ' 0 3 . 2 4 3
1V440F r; 3 , 2 3 3
235440 0 0 . 2 1 7
2 .5383 3 0 , 2 3 4
259200 0 0 . 1 * 0
3456:  • 0 ki .14 5
4 3 27- 0 0 ,117
5 ; 6 4 3 x 0 3 . 1 1 6
FIT FOR FIRST 90% OF REACTION
the e q u a t i o n f i t  has t h e  f o r m *
1*0 / CME - 1*0 /  CME I N I T I A L  = KT.
THE v INTERCEPT IS - . 0 0 9 2 2 5 3  + / -  , 034 739 9
K = . 0 W0 0 1 7 3  + / -  , 0 0 0 0 0 0 2
Ai HE C5% CONFIDENCE LEVEL.
T’ E CORRELATION COEFFICIENT FOR THIS FI T IS 0.9998 .
S’"E THE C O R R E S P O N D I N G  PLO",
T 1555
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Flow diagram for the computer program to fit data 
to alternate kinetic equations.
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